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Capillary electrochromatography (CEC) is shown to be capable of separating mixtures
containing both positively charged and neutral styrene oxide–adenosine adducts. In a study of
the mechanism of deamination of positively charged 1-(2-hydroxy-1-phenylethyl) adenosine
using 18O-labeled water, possible contamination of the chromatographically purified deami-
nation product, 1-(2-hydroxy-1-phenylethyl) inosine, with the positively charged 1-(2-hy-
droxy-1-phenylethyl) adenosine was observed. Because the deamination product and the
presumed contamination have the same molecular weights and similar structures, CEC-
microelectrospray mass spectrometry (CEC-mESI/MS) was used to confirm the presence and
identity of the suspected impurity. A trace amount of the positively charged 1-(2-hydroxy-1-
phenylethyl) adenosine, which could not be observed by either HPLC-UV or CEC-UV, was
detected by CEC-mESI/MS. This discriminatory ability of CEC-mESI/MS is attributed to the
fact that positive ion mode ESI-MS is a more sensitive detector for a positively charged
compound than a UV detector, and that the combination of electroosmotic and electrophoretic
flows and hydrophobic interactions with the stationary phase contributes to the separation of
the positively charged compound. As a result, the positively charged compound was observed
to elute much earlier and with much sharper peaks than the neutral compounds for which
electroosmotic flow is the only “pumping” force for the solvent. (J Am Soc Mass Spectrom
1998, 9, 823–829) © 1998 American Society for Mass Spectrometry
Capillary electrochromatography (CEC) was firstreported by Pretorius et al. in 1978 [1], and it hassince been studied and further developed by
many groups. CEC has been shown to be a high
resolution and high speed separation method combin-
ing the attributes of both capillary zone electrophoresis
(CZE) and capillary high performance liquid chroma-
tography (CHPLC). Besides the overall technical devel-
opment of CEC methods [2–8], much exploration in the
areas of applications and detection methods has been
undertaken [5–15]. Mass spectrometry is becoming an
increasingly common detection method for CEC analy-
sis because it can provide useful molecular weight and
structural information about an analyte [10–15]. Indeed,
mass spectrometry adds a new dimension to the anal-
ysis, because one can differentiate the components of a
mixture even when they are not fully chromatographi-
cally separated [16, 17], since tandem mass spectrome-
try itself provides separation and detection.
Most research in CEC has focused on the separation
of small neutral molecules where electroosmotic flow is
the only “pumping” force. However, for the separation
of charged species, both electroosmotic and electro-
phoretic flows are involved. In conventional CZE, the
total flow is the combination of the electrophoretic and
electroosmotic flows for a positively charged com-
pound, whereas the difference between the two flows
determines the net flow for a negatively charged com-
pound. Nevertheless, the separation mechanism in CEC
is even more complicated because of the additional
hydrophobic interaction between the stationary phase
and the charged species. A positively charged com-
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pound elutes/migrates faster than a neutral compound
permitting its chromatographic peak to experience less
broadening from diffusion. Additionally, the use of
on-column focusing allows a positively charged species
to stack even more than neutral compounds when a
long plug of sample solution is electrokinetically in-
jected [15]. These effects should be reflected in the
separation results by the generation of a narrow band
for a positively charged compound.
Recently, several groups have reported coupling
CEC to MS for the analysis of neutral pharmaceutical
compounds, neutral deoxyribonucleoside adducts, and
peptides [10–15]. The ability of CEC to separate neutral
compounds in the absence of surfactants makes CEC
more desirable than micellar electrokinetic capillary
chromatography (MECC) for coupling to mass spec-
trometry. More importantly, the use of nano- and
microelectrospray mass spectrometry (mESI/MS), with
flow rates of 20–100 nL/min for nanospray and several
hundred nanoliters per minute for microspray, respec-
tively, provides better than 10 times the sensitivity of
conventional ESI-MS where the flow rate is greater than
1 mL/min [15–18]. For example, a recent report revealed
that subfemtomole amounts of protein digests could be
identified by CZE-mESI/MS [19]. Because of their high
sensitivity, longer sampling time, and femtomole
amounts of sample consumption, nano- and mESI-MS
are being more and more routinely used for the analysis
of biological samples [15–19].
In view of the dual attributes of CEC, i.e., the ability
to provide electrophoretic flow along with electroos-
motic flow (EOF), it is of interest to utilize CEC for the
simultaneous analysis of charged and neutral com-
pounds in the same mixture. Previous reports have
demonstrated the use of a pseudo-CEC system employ-
ing essentially HPLC conditions for the separation of
negatively charged nucleotides and food dyes [20]. In
addition, basic drug compounds have been separated
by strong cation exchange (SCX) resins via the use of
EOF. Extremely high plate numbers (up to 8 3 106) have
been achieved indicating that ion focusing might be
involved [6]. In this paper, for the first time to our
knowledge, we report on the application of CEC to-
wards the differentiation of a positively charged com-
pound from its structurally related analogs based on
their retention times and different appearances of the
peaks. A trace amount of the positively charged com-
pound that could not be detected by either HPLC-UV or
CEC-UV was detected and identified by CEC-mESI/MS.
Experimental
Material
All reagents and solvents were purchased and used
without further purification. The compounds used in
the study were styrene oxide nucleoside adducts, 1-(2-
hydroxy-1-phenylethyl) inosine [1] and 1-(2-hydroxy-1-
phenylethyl) adenosine [2]. The structures and the
expected molecular weights of these adducts are shown
in Figure 1. The oxygen of the carbonyl group of inosine
(O6) of compound [1] was labeled with 18O by incubat-
ing 1-(2-hydroxy-1-phenylethyl) adenosine [2] with
H2
18O. Compound [1] is a deamination product of
compound [2] and this procedure along with the syn-
thesis of compounds [1] and [2] can be found elsewhere
[21]. Compounds [1] and [2] were separated by HPLC
monitored with a diode-array detector. Fractions corre-
sponding to each compound were collected and subse-
quently lyophilized. For the mass spectrometry analy-
sis, these compounds were dissolved in 50% methanol
(MeOH) and introduced into the mass spectrometer
either via direct infusion or flow injection.
CEC-UV and CEC-MS
A description of the schematic of our CEC-UV experi-
mental apparatus can be found elsewhere [15]. All
samples were dissolved in 10% acetonitrile (ACN) and
5-mM ammonium acetate (NH4OAc). The samples were
injected electrokinetically. Because we were not inter-
ested in determining the sample detection limit, no
effort was made to measure the concentration of the
sample and the amount of sample injected. A 75-mm-i.d.
CEC column was packed as described previously [15].
The capillary had a total length of 40 cm, and a
25-cm-long region was packed with 3-mm ODS (manu-
factured by Hypersil, Astmore, UK, purchased through
Phenomenex, Torrance, CA). The separation was per-
formed under isocratic conditions with a ternary mobile
phase, 30% MeOH, 10% ACN, and 5-mM aqueous
NH4OAc (J.T. Baker, Phillipsburg, NJ). The mobile
phase was titrated with acetic acid (Aldrich Chemical,
Milwaukee, WI) to pH 4 so that the negative charges on
the solid surfaces would be reduced in order to de-
crease the adsorption of the positively charged com-
pounds. Samples were injected electrokinetically at 15
kV for 10 s, and the operating voltage for CEC-UV was
also 15 kV.
CEC-MS was conducted by coupling a CEC column
through an electrospray interface to a Finnigan TSQ
triple quadrupole mass spectrometer (Finnigan MAT,
San Jose, CA) [22]. For the CEC-MS experiments, a
Figure 1. Structures and molecular weights of the styrene oxide–
nucleoside adducts, 1-(2-hydroxy-1-phenylethyl) inosine [1] and
1-(2-hydroxy-1-phenylethyl) adenosine [2].
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22-cm-long column without the unpacked section was
used (this column was different from the one used in
CEC-UV studies). The outlet of the CEC column was
positioned 3 mm away from the inlet of the heated
capillary (120 °C) at the entrance of the ion source of the
mass spectrometer. A high voltage of 2.2–2.5 kV was
applied to the outlet of the CEC column through a
liquid junction interface, whereas the inlet was held at
14.5 kV, resulting in a net voltage of 12 kV across the
capillary column. A sheath liquid consisting of 70:30 (%
v/v) MeOH:H2O with 1% acetic acid was infused at
0.5–0.8 mL/min with a syringe pump (Harvard Appa-
ratus, South Natick, MA). All samples for the CEC
experiments were introduced electrokinetically at 10 kV
for 20 s. Because the high voltages and the column
lengths used in CEC-UV and CEC-MS were different,
the retention times of all compounds obtained by the
two different detection methods cannot be compared
directly.
Results and Discussion
In the course of studies of the mechanism of deamina-
tion of 1-(2-hydroxyl-1-phenylethyl) adenosine [2], the
deamination product 1-(2-hydroxyl-1-phenylethyl) ino-
sine [1] was 18O-labeled and then HPLC isolated for
mass spectrometric analysis. Figure 2 shows a full scan
mass spectrometry analysis of H2
18O-enriched com-
pound [1]. Ions of the protonated molecule [1] and its
corresponding 18O-labeled compound were observed at
m/z 389 and 391, respectively. Peaks corresponding to
Na1 and K1 ion adducts were also observed as dou-
blets at m/z 411/413 and 427/429, respectively. After
accounting for the 13C contribution from m/z 388, the
doublets from the protonated and sodiated adducts are
in the same ratio. The discrepancy in the 16O:18O ratio of
the K1 adducts is likely because of background inter-
ferences.
A surprising feature in the mass spectrum of Figure
2 was the presence of an ion at m/z 388 that was absent
in the spectrum of a reference sample of the unlabeled
deamination product (data not shown). It was thus
considered that m/z 388 in the mass spectrum of the
compound [1] was because of an “additional compo-
nent.” Moreover, CID of 389 failed to yield a fragment
at m/z 388. The CID spectra of the ions at m/z 388 and
m/z 389 along with those of their respective [MH-
ribose]1 ions (the mass of a ribose moiety is 132 Da) are
compared in Figure 3. The fragment ions observed are
consistent with the structural features of [1] and [2]. For
example, both the ions at m/z 389 and m/z 388 readily
lose the ribose group to yield the aglycon fragment ions
at m/z 257 and m/z 256, respectively. Fragment ions
corresponding to the protonated adenine (m/z 136)
and its deaminated base (m/z 137) are also promi-
nently present (compare Figure 3D, B). CID of the
aglycon ions at m/z 256 and m/z 257 further confirms
the validity of these assignments (Figure 3A, C). More
specifically, these spectra yield well-defined peaks re-
flecting the presence of the oxidized styrene and styrene
ions at m/z 121 and m/z 103, respectively. Of further
significance is the presence of an ion at m/z 119 in the
spectrum of Figure 3A that may be explained by the
elimination of NH3 (17 Da) from m/z 136. Structures of
the principal fragment ions are postulated in the spectra
of Figure 3. Finally, of additional significance is the
absence of Na1 and K1 adducts associated with the ion
at m/z 388 in Figure 2. Together, these observations
lend credence to the supposition that the “impurity”
may be a preformed positive ion such as [2], hence,
unable to accommodate the Na1 and K1 ion attach-
ment.
Although the CID data presented above provide
strong evidence regarding the identity of the ion at m/z
388 and are supportive of the presence of contamina-
tion of the sample from the positively charged com-
pound [2], it was deemed desirable to introduce a
further dimension to the analysis via the use of a
separation technique. Accordingly, in order to verify
the origin of the contaminant at m/z 388, a sample of
18O-enriched [1] was examined by CEC-UV and the
results are shown in Figure 4. The peak around 32 min
is compound [1], the peak around 18 min is solvent
related as it was also observed in a blank run shown in
Figure 4B; finally, the peaks around 10 min are un-
knowns. Judging by the similar mass spectrometric
peak intensities of m/z 388 and m/z 389 in Figure 2,
one would expect to observe two UV peaks with equal
peak heights in Figure 4A because the two compounds
have similar molar absorptivity at 260 nm (data not
shown). As a result, the absence of a second peak in
Figure 3A was somewhat puzzling. Therefore, like
HPLC-UV, CEC-UV did not demonstrate any detect-
able impurity, indicating that either compound [2] was
a very minor component or the CEC procedure failed to
resolve [2] from [1]. Thus, the same sample was sub-
jected to CEC-MS analysis and the results are shown in
Figure 5. To our surprise, two peaks appeared during
the analysis. One peak was about 5 s wide at 17 min and
the other had a peak width of about 40 s at 32 min. The
Figure 2. Electrospray mass spectrum of the H2
18O-enriched-
deamination product [1] analyzed by direct infusion.
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Figure 3. CID of the aglycon ion at m/z 256 (A) and the protonated molecule ion at m/z 388 (B) of
compound [2]. (C) and (D) are the CID spectra of the aglycon ion at m/z 257 and the protonated
molecule ion at m/z 389 of compound [1], respectively.
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mass spectra acquired under these two peaks are shown
in Figure 6.
A comparison of the spectra of Figures 2 and 6 shows
the same ion masses, except that the ion at m/z 388 in
Figure 6A is now removed from the spectrum of
compound [1] in Figure 6B, which shows only the peaks
at m/z 389 (16O-analog) and 391 (18O-analog). More-
over, unlike the mass spectrum of compound [1] in
Figure 2 where intense Na1 and K1 ion adducts were
observed, the relative abundances of the alkali metal
ion adducts are greatly reduced in the spectrum ac-
quired by CEC-MS analysis. The difference may be
attributed to the fact that, during the CEC analysis,
ammonium ions in the mobile phase replace the metals
ions and the ammonium ions subsequently evaporate
rapidly during the ESI process. In any event, it is
significant that the spectrum (Figure 6B) of the CEC
peak corresponding to the deamination product [1] at
32 min is now void of any contribution from an ion of
m/z 388.
Given the sharpness of the chromatographic peak
and a molecular mass consistent with that of [2], it is
reasonable to deduce that the peak at 17 min is com-
pound [2]. The presence of the isotopic peak of 388 at
m/z 389 (Figure 5B) further confirms that this sharp
peak is not a noise spike. These results are consistent
with the hypothesis that the impurity may be com-
pound [2]. Since compound [2] is an already ionized
species, it is likely to be represented more favorably in
the positive ion electrospray spectrum, even though its
concentration is below the UV detection limit.
In order to further verify the validity and overall
usefulness of the CEC separation, a model solution
consisting of a mixture of the R and S diastereoisomers
of [1] contaminated with their respective positively
charged precursor [2] was analyzed by CEC-MS. As
shown in Figure 7, again, a sharp peak was found
eluting around 18 min displaying the ion at m/z 388
along with its C13 isotope peak at m/z 389. In addition
to the well defined sharp band because of the positively
charged compound [2], CEC also allows clear separa-
tion of the R and S diastereomers of [1]. However,
separation of R-[2] from S-[2] was not observed. In
summary, results obtained from the high resolution
separation of CEC coupled on-line with the mass spec-
trometry detection corroborate the conclusions drawn
from the initial CID data.
In all CEC-MS experiments, on-column focusing was
applied for sample introduction. As mentioned previ-
Figure 4. CEC-UV analysis of a solution of H2
18O-enriched [1].
The peak at 32 min is compound [1] and the peak at 18 min is
solvent related.
Figure 5. CEC-MS analysis of the solution of H2
18O-enriched [1]
shown in Figure 4, (A) single ion extraction of m/z 388, (B) single
ion extraction of m/z 389, (C) single ion extraction of m/z 391,
and (D) base peak ion chromatogram.
Figure 6. Full scan mass spectra of the electrochromatographic
peaks observed in Figure 5, (A) mass spectrum of the “impurity,”
(B) mass spectrum of 16O/18O [1].
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ously [15], by dissolving the samples in a weaker
solvent of lower mobility, longer injection times could
be applied to introduce more sample and the resolution
of the separation could be maintained. Furthermore, the
on-column focusing may have affected the positively
charged compound to a greater extent, thus generating
the extremely sharp peak during the analysis. The
reason may be that although the positively charged
compounds are hydrophobically retained at the front of
the column, the electrophoretic mobility of these com-
pounds continues to drive them more forward resulting
in a focusing effect.
Conclusions
The results presented demonstrate that CEC can be
used to separate and differentiate a charged nucleoside
adduct from its neutral nucleoside analog. This partic-
ular example illustrates the dual characteristics of both
HPLC and CZE enjoyed by CEC. On-column focusing
was also applied and it sharpened the peak of a
positively charged compound relative to those of neu-
tral compounds. It was shown that a positively charged
compound has a shorter retention time and sharper
peak than a neutral compound, and this feature may
also used to differentiate a positively charged com-
pound from a neutral compound in a CEC system. By
coupling CEC to mESI-MS, a trace amount of a posi-
tively charged impurity that was not observed by either
HPLC-UV or CEC-UV, was detected by mass spectrom-
etry. The broader implication of these observations is
that it should be possible to manipulate the pH of the
mobile phase in order to alter the ionic state of specific
analyte(s) in a mixture so that different selectivities of
the compounds can be created in the separation as well
as in the mass spectrometry detection. However, we
should caution that a lower electroosmotic flow rate
may be encountered when the pH is lowered as we also
observed in our study. Nonetheless, this problem can be
resolved by selection of proper stationary phases where
the EOF is less affected by the change of pH.
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